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(54) Magnetic bearing control device 

(57) Magnetic bearing control device comprising: 
a rotor (103); 

position detecting means (1 05b, i 07b, 1 09b); 
magnetic bearing means (105a,105b,107a,107b, 
109a,109b); 



an exciting circuit including switching elements; 
electromagnetic detection means (139); 
a control unit (137) including electric current error 
calculation means, relating means, coefficient cal- 
culation means, compensation means and pulse 
width calculation means. 
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Description 

[0001 J The present invention relates to a magnetic bearing control device and, in particular, to a magnetic bearing 
control device improving responsiveness of an electromagnet current. 
* [0002] A magnetic bearing Is used In a rotary apparatus such as a turbo-molecular pump for use In a semiconductor 
manufacturing process. A conventional magnetic bearing exciting circuit will be described on the basis of a construction 
example of the magnetic bearing of a turbo-molecular pump. 

[0003] Rg. 4 is a sectional view showing a turbo-molecular pump as a construction example of a magnetic bearing. 
[0004] In Rg. 4, the turbo-molecular pump is equipped with a rotating body 103 provided with a plurality of rotary 
10 vanes 101 a, 1 01b, 1 01c, ... arranged in a number of stages and serving as turbine blades for discharging gas. 

[0005] To rotatabty support the rotating body 103, there are arranged an upper radial electromagnet 105a, a lower 
radial electromagnet 107a, and an axial electromagnet 109a to thereby form a magnetic bearing. Further, there are 
provided an upper radial sensor 1 05b, a lower radial sensor 1 07b, and an axial sensor 1 09b. 

[0006] In each of the upper radial electromagnet 1 05a and the lower electromagnet 1 07a, four electromagnets are 
formed by electromagnet windings constructed as shown In the cross-sectional vTfefe of Rg. 5. These four electromag- 
nets are opposed in twos to form a magnetic bearing of two axes: the X-axis and Y-axis. 

[0007] More specifically, there is realized an opposite-polarity arrangement with electromagnet windings 111 wound 
around two adjacent core protrusions constituting one pair to thereby form one electromagnet. This electromagnet 
constitutes one pair together with the electromagnet formed by the electromagnet windings 1 1 3 wound around the core 
protrusions opposed thereto with the rotating body 103 therebetween, each attracting the rotating body 103 in the 
positive direction or the negative direction with respect to the X-axis. 
[0008] Similarly, regarding the Y-axis direction orthogonal to the X-axis, one pair is formed as electromagnets op- 
posed to each other with respect to the Y-axis direction using two electromagnet windings 11 5 and two electromagnet 
windings 1 1 7 opposed thereto. 

25 [0009] As shown in the longitudinal sectional view in Rg. 6, the axial electromagnets 109a are formed as one pair 
by two electromagnet windings 121 and 1 23 with the armature 1 03a of the rotating body 1 03 therebetween. The two 
electromagnets 1 09a respectively formed by the electromagnet windings 121 arid 1 23 apply an attracting force to the 
armature 1 03a in the positive direction or the negative direction with respect to the rotation axis. 
[0010] The upper radial sensor 1 05b and the lower radial sensor 1 07b consist of four sensing coils corresponding 

3o to the electromagnets 1 05a and 1 07a and arranged in the X- and Y-axis directions, and are adapted to detect a radial 
displacement of the rotating body 103. The axial sensor 109b detects an axial displacement of the rotating body 103. 
These sensors are constructed so as to transmit their respective detection signals to a magnetic bearing control device 
(not shown). 

[0011] On the basis of these sensor detection signals, the magnetic bearing control device Individually adjusts 
35 through PID control or the like the attracting forces of the ten electromagnets constituting the upper radial electromagnet 
105a, the lower radial electromagnet 107a, and the axial electromagnets 109a, whereby the rotating body 103 is sup- 
ported in a magnetically levitated state. 

[001 2] Next, a magnetic bearing exciting circuit for exciting each electromagnet of the magnetic bearing constructed 
as described above will be described. Fig. 7 shows an example of a magnetic bearing exciting circuit controlling an 
electric current flowing through electromagnet windings by a pulso width modulation system. 

[0013] In Rg. 7, one end of the electromagnet winding 111 forming one electromagnet is connected to the positive 
electrode of a power source 133 through ia transistor 131. and the other end thereof is connected to the negative 
electrode of the power source 1 33 through a transistor 1 32. 

[0014] Then, the cathode of a current regeneration diode 135 is connected to one end of the electromagnet winding 
111 , and the anode thereof is connected to the negative electrode of the power source 133. Similarly, the cathode of 
a diode 136 is connected to the positive electrode of the power source 133, and the anode thereof is connected to the 
other end of the electromagnet winding 111 . Between the positive electrode and the negative electrode of the power 
source 1 33. there is connected an electrolytic capacitor 1 41 for stabilization. 

[0015] Further, an electric current detecting circuit 139 is provided on the source side of the transistor 132, and the 
so electric current detected by this electric current detecting circuit 1 39 is input to a control circuit 1 37. 

[0016] The exciting circuit 1 1 0 constructed as described above is provided in correspondence with the electromagnet 
winding 1 1 1 , and similar exciting circuits 1 1 0 are also formed in correspondence with the other electromagnet windings 
113. 115, 117, 121, and 123. Thus, in the case of a five-axis control type magnetic bearing, ten exciting circuits 110 
are connected in parallel to the electrolytic capacitor 141. 

[0017] In this construction, when both the transistors 131 and 132 are turned on, the electric current increases, and 
when both of them are turned off, the electric current decreases. When one of them is turned on, a flywheel current is 
maintained. By causing the flywheel current to flow, the hysteresis loss Is reduced, making it possfole to keep the power 
consumption at a low level. . 
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J2?2Jf £ P °^l t0 fedUCe h ' 9h ,reqUency n ° ise 8Uch 38 h '9 her haf ™nic Then, by measuring this fly- 

EH? 1 . h 1 !!? 0 " 1 ?' ^": U,t 137compares a current command value with the detection value obtained by the electric 
cuaent detecting circuit 139 to determine the pulse width within one switching period through pulse ^modlteSo? 
and transmits signals to the gates of (he transistors 131 and 132. 9 P modulation, 

[0020] When the current command value is larger than the detection value, both the transistors 131 and 132 are 
turned on only once for a period of time corresponding to a pulse width time To within one swSino oeriod S Z 
SSSM VZ^TT " 8 - ^ the ^°-9"et curren'I^reaser 9 * *" 

!?T * 2l • Whe " current command value is smaller than the detection value both the transistors 

131 and 132 are turned off only once for a period of time corresponding to a pulse width time ,Tc fwWHn oneTwitehta 
penod Te, as shown in Fig. 0. At this time, the electromagnet current IL decreases 9 
[0022J Here, the pulse width time Tp is obtained based on an electric current command value IR an ^m.™., 
inr o n ^n , h n £ S.T ma | net indUCtanCe ^ a " ««*°™9<»* resistance Rm answer sou^ag^Accord 

rassis; !&i^r»sr- ,, * e e,ect ~ ™ fl ° Jg »~ 

[Equation 1] 
Lm x Vd'lL x Rm 

as^res^bTE%i P 2 U,Se TP '° ^ ^ Va ' U6 * a " amount of ,R ' IL is 

[Equation 2] 

To = Lm x 0 R -IL) 
p Vd- IL x flm 

El , ? 6XP ?f 6d ab ° Ve ' Whe " the SXCiting cireuit 110 fe di 9 ita,| y controlled, compensation calculation is oer- 
omied using restetance and Inductance values of the electromagnet winding 111 and a cable as consS values to 

!R e 5ee7p^^ 

!k° 2 ? J ncidenta "* when toe rotating body 103 of the magnetic bearing is displaced away from its taroet oosition 
^LTVT'- aMm i ° f ^ **- n W 1 1 1 is changed. andtoe rotating body 1 03* ^Led to darnel 

pos.t.on.Atth.st.me.when the steady-state current changes, the electromagnet inducTanc^value^ 

^SZSTJT* mPenSatt ° n Ca ' CU,ati0n " Perf0rmed USin 9 the ^-'cmagnet inductance vZfas SKSS 

IS 7 18pres w ent invention has been made in view of the above problem in the prior art. It is an object of the present 
00271 Ac^Snot 3 * a9net,C I 68 "" 9 COntr ° l d6ViCe impr ° Vin9 the ^Pcn^eness of an e.ec^omagnet cu S 
bod! Lt! PreS T ir"* 0 "- thSre iS PrOVided a magnetic beari "9 ^'ce comprising: a rotating 

body posrtiondetect.on means for detecting a radial positionand/oraxial position of therotating^ 

means forcontre^ng the radia. position and/or axlalposition by meansofa^ 

and/or ax.al poSrt ,on detected by the position detection means; an exciting circuit including sw°tchTg etemems for 
effect.ng connection and disconnection between the electromagnet and a power source- electromaone. cunT^ Zll 

™t J a S- ° °T nt en " 0r ° CCUrring betWeen the detec,ed current va, " a ***** by the elecfromTgnet 

?orTm^.n n ITS!? ^ "T** CUrrem C ° mmand va,ue: relat, "9 means «>' "»*«"9 in aovance TcTflS 
InTr^ * 9 ? 8 '? d " Ctance of 106 ela cttomagnet with the size of the electric current flowing through the eS 

refa«n m °!„ Ca,CU,at '° n meanS /° r Ca,CU,aMn9 the COefficient from *° detacted currenfvalue based onl£ 
Irn : t COmpensatlon means for compensating the electric current error based on the coefficient Scute ed 
bythecoefnc,entcalcutationmeans : andpulsewidthcalcijlanonmeansfor^ 

mZTTt iTr^/^ 9 T ^ ° n a " ° U,put Va,ue by the cornpensSo^ Zns 9 

EUL «» ? f 9 meanS / Coeffic,ent 'orcompensating the electromagnet inductance is related in advance with 

fce 2 a 2JT 6 T ° Urrent " 9 thf ° U9h 1,10 e,ectroma 9" et - The relationship may be stored in a mem ory^r Te 
like as a charactenstic curve, or may be stored in an approximated form as a line graph 
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[0029] Further, the relationship may also be stored as a table . Using the established relationship, the coefficient for 
compensating the electromagnet inductance is cabulated according to the size of the detected electromagnet current. 
The electric current error generated between the detected electric current value and the electric current command 
value is compensated according to the coefficient Then, the pulse width is calculated based on the compensation result. 
5 [0030] Due to this structure, the responsiveness of the electromagnet current Is Improved. Thus, the rotating body 
becomes less apt to oscillate, so that the control rigidity of the rotating body can be increased. Convergence in the 
case in which the rotating body is displaced by external turbulence is also improved. 

[0031] Further, according to the present invention, there is provided a magnetic bearing control device comprising: 
a rotating body; position detection means for detecting a radial position and/or axial position of the rotating body; 

10 magnetic bearing means for controlling the radial position and/or axial position by means of an electromagnet, based 
on the radial position and/or axial position detected by the position detection moans; an exciting circuit including switch- 
ing elements for effecting connection and disconnection between the electromagnet and a power source; electromagnet 
current detection means for detecting the electric current flowing through the electromagnet; electric current error 
calculation means for calculating an electric current error occurring between the detected current value detected by 

is the electromagnet current detection means and an electric current command value; air gapifehgth calculation means 
for calculating an air gap length between the electromagnet and the rotating body, based on the position of the rotating 
body detected by the position detection means; relatingmeans for relating in advance a coefficient for compensating 
the inductance of the electromagnet with the air gap length; coefficient calculation means for calculating the coefficient 
from the air gap length calculated by the air gap length calculation means biased on the relating means: compensation 

20 means for compensating the electric current error based on the coefficient calculated by the coefficient calculation 
means; and pulse width calculation means for calculating a pulse width used for performing pulse control on the switch- 
ing elements, based on an output value compensated by the compensation means. 

[0032] The air gap length between the electromagnet and the rotating body is calculated based on the position of 
the rotating body detected by the position detection means. In the relating means, the coefficient for compensating the 

25 electromagnet inductance is related in advance with the air gap length. The relationship may be stored in the memory 
. or the like as a characteristic curve, or may be stored in an approximated form as a line graph. 
[0033] Further, the relationship may also be stored as a table. In the coefficient calculation means, the coefficient is 
calculated from the air gap length calculated by the air gap length calculation means, based on the relating means. 
Then, the electric current error is compensated based on this coefficient. The pulse width is calculated based on the 

30 compensation result. 

[0034] Due to this structure, the responsiveness of the electromagnet current is improved. Note that the effect of the 
present invention can be improved further by a combination with the above-mentioned compensation performed ac- 
cording to the size of the electric current flowing through the electromagnet. 

[0035] Embodiments of the present invention will now be described by way of further example only and with reference 
35 to the accompanying drawings, in which :- 

Fig. 1 is a diagram showing a relationship between an inductance compensation gain KL and an electromagnet 
current IL; 

Fig. 2 is a diagram showing a relationship between an inductance compensation gain Kg and an air gap length 1 ; 
to Fig. 3 is a diagram showing a relationship between a position of a rotating body and an air gap length 1 ; 

Fig. 4 is a sectional view of a turbo molecular pump; 
Fig. 5 is a cross-sectional view of a radial electromagnet; 
Fig. 6 is a longitudinal sectional view of an axiaTelectrornagnet; 

Fig . 7 is an example of an exciting circuit of amagnetic bearing; mmtan 
45 Fig. 8 is a time chart showing the control when the current command value is larger than the detection value; and 

Fig. 9 is a time chart showing the control when the current command value is smaller than the detection value. 

[0036] An embodiment of the present invention will now be described. A diagram showing an overall construction of 
the embodiment of the present invention is as shown in Fig. 7. 
so [0037] First, when an electric current command value IR is larger than a detected electromagnet current IL (mode 
1 ) , a calculation equation expanded by software in a control circuit 1 37 based on Equation 1 is as expressed by Equation 

3. 



[Equation 3] 




(P(n) = 10) 
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detected electromagnet cu^entT mode T Ite^ZSn^ C ° mmand Va,ue ,R is sma,,er tha " *• 

137 is as expressed by Equation , 4. calcu,at,on ^««tion expanded by the software in the control circuit 

[Equation 4] 

' Lm + Zm ,L W (P(n) = -1.0) 

[0039] Thus, Equation 5 holds due to Equation 3 and Equation 4. 

[Equation 5] 

When fL(n*1\ = a (» ? T r( „) - IL(n)Rmfs 

Vd 

SSft . ACCOrdin9,y ' ^ « he PU ' Se W,dth « me ™> « *• *•""» " is small, the e.ectric current decreases even in 
[0041] Further, Equation 6 holds. 

[Equation 6] 

25 When Tp = 0, A/ = ^^iL(n) 

[0042] The pulse width time Tp(n + 1) can be expressed alternatively by Equation 7. • 
[Equation 7] 

c^ccTa™ value ,R <n ♦ 1, indicates the electhc 

in the present cycle m,n 9 ,ol,ow ' n Sthot ff n,ngn,andlL(n),ndicate S the electromagnet current value surveyed 
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[Equation 9] 

5 7p<n + 1) = f>r> + 1) — — — j (//?(* + 1) - /£.(*)) x Al : — — + — ^ — IL(n» 

[0047] KL indicates inductance compensation gain, which is a compensation coefficient for compensating an elec- 
10 tromagnet inductance standard value Lq according to the size of the detected electromagnet current IL The larger the 
steady-state current value of the electromagnet current IL, the more the electromagnet inductance Lm is reduced. 
Thus, it is necessary to reduce the inductance compensation gain. 

[0048] The relationship between the inductance compensation gain KL and the electromagnet current IL is shown 
in Fig. 1 . Note that the curve indicating this relationship may be approximated as a line graph. Alternatively, the rela- 
ys tionship may also be stored in the memory as a table. -hs 

[0049] In this way, the electromagnet inductance Lm is compensated according to the size of the detected electro- 
magnet current IL, and the pulse width timeTp is calculated, so that the responsiveness of the electromagnet current 
IL is improved. Since the responsiveness is thus improved, the rotating body 1 03 becomes less apt to oscillate, so that 
the control rigidity of the rotating body 1 03 can be increased. The convergence in the case in which the rotating body 
20 103 is displaced by external disturbance is also improved. 

[0050] Note that there is an inverse relationship between the electromagnet inductance Lm and the air gap length 1 
as expressed by Equation 8. Thus, it is desirable for the changes in the electromagnet inductance Lm, caused by the 
changes in the air gap length 1 according to the position of the rotating body 103, to be compensated. 
[0051] Thus, Equation 9 is further expanded as expressed by Equation 10. 

25 

[Equation 10] 



30 



KA* Lot Pi") *W* Tfilri) IRmTs \ 
Tp{n + 1) = Pin + 1>^^{</*<" ♦ D ' * KL x Kg - ♦ 



[0052] Here, Kg Indicates an inductance compensation gain for the air gap length 1 . The relationship between the 
35 inductance compensation gain Kg and the air gap length 1 is shown in Fig. 2. Note that the curve indicating this rela- 
tionship may also be approximated as a line graph. Alternatively the relationship may also be stored in the memory 
as a table. 

[0053] Further, by turning the relationship between the position of the rotating body 1 03 and the air gap length 1 into 
a graph in advance as shown in Fig. 3, the air gap length 1 can be obtained easily from the position of the rotating 

40 body 103 obtained from an upper radial sensor 105b, a lower radial sensor 107b, and an axial sensor 1 09b. 

[0054] In this way, the electromagnet Inductance Lm is compensated according to the size of the air gap length 1. 
and the pulse width time Tp is calculated, whereby the responsiveness of the electromagnet current IL is improved. 
[0055] Further, as expressed by Equation 10, by performing the compensation of the electromagnet inductance Lm 
together with the above-mentioned compensation (i.e., the inductance compensation gain KL) according to the size 

45 of the electromagnet current IL. and the compensation (i.e., the inductance compensation gain Kg) according to the 
size of the air gap length 1 , the responsiveness of the electromagnet current IL is improved even further. 
[0056] As described above, in accordance with the present invention, the electromagnet inductance is compensated 
according to the size of the electromagnet current detected by the relating means, and the pulse width is calculated 
based on the compensation result, whereby the responsiveness of the electromagnet current is improved. Thus, the 

so rotating body becomes less apt to oscillate, so that the control rigidity of the rotating body can be increased. The 
convergence in the case in which the rotating body is displaced by external disturbance is also improved. 
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. a rotating body (103); 
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i ss^ssr on means (1 05b ' 1 o7b ' 1 ° 9b) for detectin9 a radiai position and/ ° r ax,a| p° siti ° n ° f rota «"9 

^^ ea ^ m ^^.^5t. 107a ' 107bl 109a ' 1°9b) for controllingthe radial position and/or axial 

Z£eZT7^Z «r™r 9net 1 ° 7a ' 1098,1 baS6d ° n the rad ' al P° sition anchor ax,CsS 
aetected by the position detection means (105b, 107b, 109b)- 

an exciting circuit (110) including switching elements (131, 132) for effecting connection and disconnection 
between the electromagnet (105a, 107a, 109a) and a power source (133)- a<sconnect.on 

neT^O^ 

dl < S£H CUfrent f"°, r Ca !, CU,at,on means < 137 > for calculating an electric current error occurring between the 
^and Ze! " ** Cu ™* ™ans (139, and an electric current 

iS^iSTTi?? T^" 9 adYanCe acoefficient torcompensatingthe inductance of the electromagnet 
11^ , ' i°f? W,th 8120 ° ,the e,eCtriC "'^""towing through the electromagnet (105a. 107a7o9aV 
23522?!^ meanS (137) CalCU,atln9 me COeffiCfent ^ thS ^ectedcurrentValue based on the 

!. 1 37> COmpensatin 9 1,16 electric error based on the coefficient calculated by 

the coefficient calculation means (137); and ' 

swt 6 h£ idth | ca,cu ' a, ;°" means < 137 > *>' calculating a pulse width used for performing pulse control on the 
switchmg elements (131 . 132). based on an output value compensated by the compensation meani^ 

2. A magnetic bearing control device comprising: 

a rotating body (103); 

EodJ^o^ 

^^V**™ 9 mCanS ! 1053 ' 105b ' 107a ' 107b ' 109a - 109b > ,or controlling the radial position and/or axial 

EZZ LTZ, a " a,aCtrDma9nel (105a ' 107a ' 109a >' based °" the Position and/orJiCs^on 
detected by the position detection means (1 OSb. 1 07b 1 09b)- ^ 

LOSS'S Ci 7 Ui ! (110) includin 9 switchina e,eme "te (131. 132) for effecting connection and disconnection 
between the electromagnet (105a. 107a, 109a) and a power source (133)- 

d21 r L CUrrent ca ' cu,ation means < 137 > 'or calculating an electric current error occurring between the 
c^d"r e ! * ^ e,eClr ° magnet CUrrent del «*°" * d39) and an LteSS 

P lor a r a o Ca f h U,ati ! n t me rJ?. 7) f ° r ca,cu,atin 9 a " air gap length between the electromagnet (105a. 

^^•rr^s 0 ^ on the postt,on of * e rotaun9 body < 1 ° 3 > ^ * 

[totT^a^ 

a ^ e n ?h Ca t Ul , at ;° n m6anS (137) f ° r cateulati "9 the coefficient from the air gap length calculated by the air 
gap length calculation means (137) based on the relating means (137)- 

pulse width calculation means (137) for calculating a pulse width used for performing pulse control on the 
switching elements (131.1 32). based on an output value compensated by the compensation ^means (?37? 
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